A new way of measuring indirect immunofluorescence (IIF) of microscopic bacterial slide preparations by videocamera and an image processing system is presented. This method is compared with the conventional method of reading the slides by eye. The advantages of this new approach are objective reading, greater accuracy and easier performance. We have applied the method to measure serum antibody titres against endogenous Enterobacteriaceae. The method offers the opportunity to combine IIF with automatic morphological analysis, thereby maximally exploiting the possibilities of the immunofluorescence technique.
Introduction
Indirect immunofluorescence (IIF) is an accepted method for determining serum antibody titres against bacterial strains [9] . The advantage of IIF compared with enzyme-linked immunosorbent assay (ELISA) is the possibility of visually checking the structures against which the antibodies are directed. This is particularly interesting when serum antibodies against the indigenous faecal microflora are subject of study. In our laboratory an image processing system (IPS) has been developed which enables micromorphological analysis of faecal samples. Before combining this new technique with IIF however, it has to be proven that IIF can be reliably read by a videocamera connected to a computer.
A disadvantage of IIF is that it is a subjective way of assessing antibody titres. Criteria for reading IIF slides are rarely described in greater detail if described at all. Some investigators consider fluorescence positive when the score is more than 2+, without defining what 2+ exactly means [1, 11, 13] . Other criteria for positive fluorescence are any green staining of the bacteria [8] or more than 5% intense uniform staining [7] . Others do not describe any scoring criteria [2, 5] . Dissatisfied by these diverse criteria of IIF, we searched for an objective way, using a videocamera connected with a computer with specific software developed in our laboratory to objectively measure the fluorescence intensity of the bacteria in a standardized and reproducible manner. With this approach we have assessed the serum antibody isotypes and titres in ten healthy volunteers against strains of Enterobacteriaceae isolated from their faeces.
Materials and methods

Volunteers and sampling
Ten healthy volunteers, seven male and three female, aged 22-44 years, provided faecal and blood samples after they had given informed consent.
Isolation of strains Enterobacteriaceae from faecal samples
Isolation of strains of Enterobacteriaceae from the faecal samples was performed as follows: faeces were suspended 1:9 (w/v) in brain heart infusion broth (BHI; Oxoid, Basingstoke, UK), and subsequently diluted 1:9 (v/v) in BHI broth. After overnight incubation at 37~ the suspensions were subcultured onto MacConkey agar (Merck, Darmstadt, FRG). Enterobacteriaceae genus and species were pure-cultured, identified and typed with the API-20E system (Analytab Products Inc., Montalieu Vercieu, France). For comprehensive biotyping a minimum of 20 colonies were pure-cultured per faecal sample. Details of the biotyping technique have been described previously [12] . The strains were stored in a suspension with 10% glycerol at --20~ until they were used for antibody determination.
Serum
Blood samples were centrifuged in a Beckman centrifuge type T J-6 (Palo Alto, Calif., USA) during 10 min, at 1,420 g, 1 h after obtaining them. The supernatant was then placed in a water bath of 56~ during 30 rain for complement inactivation. Thereafter, the serum was stored at --20~ in aliquots of 0.2 ml.
IIF of Enterobacteriaceae strains
The strains were thawed, inoculated in BHI, and incubated overnight at 37~ These cultures were centrifuged in a Sigma 201 M centrifuge (Osterode, FRG) for 15 min at 11.430 • and the supernatant discarded. The pellet was then resuspended in demineralized water with 0.5 % Tween 80 (Merck) to reduce spontaneous agglutination and to separate the bacteria on the slide. Ten microliters of the bacterial suspension was placed in each well of a series of 12-well IIF slides (Immunocor, Limoges, France). These slides had been degreased in ethanol 96% and then in acetone. The slides were allowed to dry on a "handwarm" hotplate. Fixation was performed for 10 min in acetone. The slides were washed gently in phosphate-buffered saline (PBS, pH=7.2) for 5 min, and dried at room temperature in a cool-air current from an electric fan. In the meantime serial twofold serum dilutions in PBS were prepared ranging from 1 : 8 to 1 : 8,192 . Ten microliters of each serum dilution was then added to the wells on a slide; instead of serum, PBS was added to the 12th well as a control. After incubation for 45 rain in a moist chamber at 21~ the slides were gently washed three times for 5 min in PBS of 37~ The slides were dried and 10 pl fluorescein isothiocyanate (FITC)-conjugated goat anti-human F(ab')2 IgA, IgM and IgG (Kallestad, Tex., USA) was added to each well. After incubation for 60 min in a moist chamber at 21~ the slides were again gently washed three times for 5 min in PBS of 37~ Mounting fluid, consisting of glycerol/Tris buffer 1 : 1, pH 8.7, was then added to the slides. Finally the slides were covered with a cover slide, which was fixed with nail polish at the sides and stored at 4~ until examination within 24 h. The serum antibodies of the IgA, IgG and IgM isotype were determined in duplicate for every strain.
Reading of the immunofluorescence slides and measuring of the antibody titres
Reading with the eye IIF was considered positive if the bacteria had a green edge, and the intensity of this green edge had to increase with decreasing dilution. The serum antibody titre was defined as the inverse of the highest serum dilution in which positive immune fluorescence was seen.
Reading with videocamera and IPS
Hardware. We used a microscope (Zeiss, Oberkochen, FRG) equipped with a phase-contrast condensor 465270-9906 and halogen lamp (HBO 50 W, Osram, Berlin, FRG). A videocamera (Fairchild CCD 5000/1, Fairchild Weston Systems Inc., Sunnyvale, Calif., USA) was mounted on top of the microscope. This was connected to an 80386-based AT compatible computer with a Matrox MVP-AT(/NP) image processor board and a monitor. Images recorded by the videocamera were displayed on a high-resolution colour screen.
Software. The image acquisition software was developed specifically for this application in our laboratory (M. H. F. Wilkinson, to be published). The analysis package used was an adaptation of the morphological package developed by Meijer et al. [6] . Apart from the fluorescence data, morphological information was computed for every object in the field of view.
Reading with the image processing system (IPS)
To measure the fluorescence of each object in the microscopic field of view, it is necessary to acquire two images (a) with information on the shapes, and (b) with the fluorescence information. In this way non-fluorescent objects are not ignored. Since many types of staining were found to interfere with the IIF procedure, a phase-contrast image was used to obtain the shape information. The fluorescence image was obtained by taking 16 images in rapid succession and averaging them. This is a special function performed by the image processing board, which reduces the noise in the IIF image considerably.
To determine the exact morphology of the objects (bacteria) from the phase-contrast image, the image is enhanced as a first step. Background features such as shading and dust in the optical path are removed with the use of a reference image. This contains only background features, which are then eliminated by subtraction. Noise is reduced by 3 X 3 pixel averaging: each pixel gets assigned the average grey level of the nine pixels in a 3 X 3 square surrounding it. Techniques such as these can be found in standard textbooks such as Gonzalez and Wintz [3] . This is followed by a segmentation scheme adapted from Kittler et al. [4] . The principle is that a pixel is called part of an object if its grey level is below a certain threshold, and otherwise part of the background. The threshold is determined in each part of the image as that grey level where the gradient is locally highest, on average. The threshold is the local average of the grey level weighted by the gradient. On the image processor's display all object pixels are shown as white and all background pixels as black.
Those pixels in the fluorescence image that correspond to object pixels in the segmented phase-contrast image, and those lying within four pixels from an object pixel, are stored for further analysis. For each object, the average grey level of fluorescence pixels within the object is computed. Then, the average grey level of the pixels in the surrounding "shell" at a distance of three and four pixels is computed, excluding any pixels belonging to other objects. These two averages are subtracted, and the difference is called the fluorescence level. Strictly, the outcome will not be the result of the bacterial fluorescence only, since it will also contain some reflected light, apart from noise from the camera and digitizer electronics.
Determination of the antibody titres with the videocamera and IPS
For each serum dilution the median fluorescence intensity of the bacteria (n 200) was determined. To cope with skew and occasional outliers in the distribution of fluorescence intensity within one serum dilution, we decided to use the median instead of the mean fluorescence intensity for further calculations. The median is a more robust estimator of the level of fluorescence at each serum dilution than the mean.
At high serum dilutions the fluorescence will depend linearly on the concentration of the serum antibodies directed against the bacteria on the slide. At low dilutions there will be saturation of fluorescence when no more antibodies can be bound to the surface of the bacteria. Linear regression was performed on the median fluorescence intensity as a function of the reciprocal serum dilution. The slope and intercept of the resulting linear fit were then interpreted as indicative of antibody concentration and background brightness level, respectively.
To calibrate this slope against the titre read by the human observer, 40 slides were read both with the IPS and by eye. The median fluorescence intensity at the titres as read by the human observer was measured in all 40 cases. The median value of these 40 values was used as the threshold at which the human eye observes positive fluorescence. We computed at which titre the fitted line, as determined by the IPS, reached the threshold precisely. This titre can be directly compared to the titre as read by the human eye, with the difference that non-integer values are given by the IPS.
Specificity
Specificity of the immune fluorescence reaction was measured by absorption experiments. Eight bacterial strains from two volunteers were used for absorption of the serum. After absorption IIF was performed. No fluorescence should be seen if the strain used for absorption was on the slide. However, when other strains were on the slide, fluorescence intensity should not decrease significantly in the absorbed serum in comparison with non-absorbed serum.
For absorption 100 gl of a serum dilution one or two dilution steps below the titre was mixed with 1.6 ml of an overnight culture in BHI broth, containing approximately 109 bacteria/ml, and rotated at 37~ during 45 min. The suspension was centrifuged for 15 min in a Sigma 201 M centrifuge at 11.430 g. This procedure was performed three times.
Controls
As a negative control PBS was added to the last well on each slide instead of a serum dilution. As a positive control for IIF we used serum and an Escherichia coli strain of a patient who had suffered from a septicaemia caused by that E. coli strain. The serum antibodies against that strain were also determined by agglutination.
Results
We measured serum antibodies in the sera from 10 healthy volunteers against 35 strains of Enterobacteriaceae, isolated from their faecal samples, on 210 slides. ~' ,~ i! Reciprocal serum dilution On the x axis the reciprocal serum dilution is given, on the y axis the fluorescence intensity
Reading of IIF slides videocamera and computer was found to be reproducible and simple. The fluorescence intensity of the bacteria increased with decreasing serum dilution when the serum contained antibacterial antibodies. The higher the serum antibody concentration the earlier the rise in fluorescence intensity observed. Figure 1 shows that the fluorescence intensity increased gradually with increasing serum concentration. At this level of serum concentrations the fluorescence intensity correlates linearly with the concentration of serum antibodies directed against the bacterial strain. No saturation point could be observed.
In a number of slides, amidst many bacteria, one or two brightly fluorescent objects per serum dilution were seen incidentally and were clearly not bacteria. Nevertheless, they were included in the outcome. We did not succeed in removing these fluorescent particles, either by centrifugation or by filtration of the conjugates.
The specificity of the IIF method for determining antibodies directed against several strains of Enterobacteriaceae isolated from a volunteer was determined by absorption of the serum of that volunteer with one of his/her strains. Thereafter, we measured the immune fluorescence intensity using the absorbed serum against the strain used for absorption and against the other strains of the same volunteer. It appeared that the fluorescence intensity against the strain used for absorption was virtually zero. The level of fluorescence intensity against the other strains, however, did not decrease significantly compared with the level reached with the original non-absorbed serum (Fig. 2) . From a series of analogous measurements with samples from two volunteers, we concluded the fluorescence method to be specific for autologus strains isolated from a volunteer for serum dilutions of > 1 : 2 for IgA and IgM and for serum dilutions of > 1 : 8 for IgG.
All slides were read both by videocamera and IPS and by one experienced observer. The results are shown in Fig. 3 . A significant linear correlation exists between two ways of reading IIF slides, r = 0.62 (P < 0.001). The slope of the bestfitted straight line through the data is 0.95, the intercept 0.04. The slope and the intercept were computed with a median-fit algorithm [ 10] . This is more robust than . . ..
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.,'. Titre (2log) read by eye Fig. 3 . Comparison of serum antibody titres against faecal E. coli strains of ten healthy volunteers read by eye (x axis) and by videocamera and the image processing system (y axis) ordinary least squares fitting. There is, however, a great scatter in the results. To study the origin of this great spread we determined the difference between duplicate measurements for both methods 9 The mean absolute difference between duplicate measurements is 1.14 (2log), for videocamera reading and 1.71 (21og), for eye reading. Reading by videocamera, therefore, is significantly more reproducible than eye reading (P < 0.05). The amount of scatter in Fig. 3 explained by these errors can be calculated as follows: the average distance (=error) between two duplicate points is the square root of the sum of the squares of the two errors. This value is 2.055. The expected value of the absolute deviation from the line is half this value, 1.027, which compares excellently with the average absolute deviation from the fitted line, which is 1.033. Therefore, we conclude that the measured errors can explain the scatter in Fig. 3 completely.
In healthy volunteers the 95 % confidence limits of the serum antibodies titres (2log) against faecal strains of Enterobacteriaceae ranged between < 3 and 7.1 for IgA, <3 and 8.7 for IgG, <3 and 7.4 for IgM.
Discussion
Determination of serum antibody isotypes and titres against faecal strains of Enterobacteriaceae can be performed reliably by measuring the fluorescence level per bacterium with videocamera and IPS. In this way a very important element of subjectivity, reading IIF microscopic bacterial slides, has been eliminated from the IIF test, resulting in greater accuracy of the test. Moreover, it is now possible to combine IIF with automatic morphological analysis of the objects the fluorescent antibodies are directed against, thereby maximally exploiting the possibilities of the IIF technique. In other words the technique might permit the distinction, in a mixture of bacteria of different morphology, of bacterial objects with a certain morphology against which antibodies are directed and those, often with another morphology, to which no antibodies are bound.
It is also possible to measure serum antibody isotypes and titres directed against different faecal E. coli strains separately, since the IIF test has been shown to be specific for different strains. In Fig. 2 it is shown that absorption of serum with strain 5004552 does not remove the antibodies directed against strain 1144512 of the same volunteer. The absorption was complete, because no antibodies against the absorbing strain 1144512 were left. There was no difference in the median level of fluorescence of the unabsorbed serum compared with the serum absorbed with strain 5004552 in measuring antibodies directed against strain 1144512. This means that antibodies against different E. coli strains can be measured specifically against each strain and are, therefore, not likely to be directed against a common antigen of Enterobacteriaceae in the first place.
As is shown in Fig. 1 , the fluorescence intensity increases gradually with increasing serum concentration. Since this increase is very moderate, it is difficult for the eye to assess the exact titre of serum antibodies against a specific E. coli strain. Moreover, the eye is easily misled by incidental fluctuations in fluorescence level. These incidental fluctuations of fluorescence intensity will not affect the outcome of our data processing, because all the data are taken into account in determining the titre, whereas the eye can only compare the serum dilution it is observing with the previous serum dilution.
Therefore, it is obvious that the accuracy of reading the slides by eye must be inferior to the accuracy of reading the slides with the videocamera and IPS.
In a number of slides one or two brightly fluorescent objects per serum dilution were incidentally seen. These were clearly not bacteria but were still included in the outcome. We did not succeed in removing these fluorescent particles either by centrifugation or by filtration of the conjugates. These objects might consist of aggregates of the conjugate. However, because of their low number in comparison to the many bacteria measured, these objects could not influence the results of measuring the fluorescence level per serum dilution, particularly because of the fact that we used the median of the fluorescence intensity.
Comparing the two methods of reading IIF slides it seems justified to use the method of videocamera reading instead of eye reading. In Fig. 3 it is shown that both methods measure practically the same serum antibody titre. The spread in Fig. 3 can be mainly explained by the inaccuracy in the eye-reading method.
We conclude that reading IIF slides by videocamera and IPS may improve the IIF method by eliminating the subjective elements of the test. This results in more accuracy and easier test performance. Our set up is of low cost and provides an additional advantage in comparison with the conventional methods in cases in which not only information on antibody titres and isotypes is needed but also on the morphology of the objects against which the antibodies are directed.
